Syntactic foams are of interest to solve the problem of increase in the efficiency of heat supply equipment and pipelines heat insulation. The article analyses the efficiency of the use of various microspheres for syntactic foams when used for heat supply equipment and pipelines heat insulation. Moscow Power Engineering Institute has been conducting a large number of researches with the use of specific universal methods and the test stand which meets the modern requirements in order to determine the heat conductivity coefficient of various heat-insulating materials. These studies are designed to identify the impact of binding materials and microspheres properties over syntactic foams heat conductivity. The results of researches show that microspheres properties impact the heat-insulating characteristics of coatings.
Introduction
Specialists are of the opinion that practically all modern traditional heat-insulating materials are apt to quick ageing and destruction; their actual operating life is maximum ten years (Ivanov et al., 2010) . So there is an objective need to search for and use new heat-insulating materials.
In order to solve the problem of increase in the efficiency of heat supply equipment and pipelines heat insulation, heat-insulating materials obtained with the use of hollow microspheres and various binding agents -the so-called syntactic foams -are of utmost interest (John & Reghunadhan, 2014) .
In syntactic foam specifications and manuals the heat conductivity coefficient ranges from 0.001 to 0.450 W/m·K. Therefore there is an issue of efficiency of the use of a certain microsphere type as a part of syntactic foams for heat supply equipment and pipelines heat insulation.
It is well-known that the key parameter influencing efficiency of the use of a certain heat-insulating material is its heat conductivity coefficient (ISO 10456, 2007) . Moscow Power Engineering Institute has conducted a large number of researches with the use of specific universal method and the test stand which meets the modern requirements in order to determine the heat conductivity coefficient of various heat-insulating materials. These researches were designed to determine the impact of binding materials and microspheres characteristics over syntactic foam heat conductivity. The results of researches show that microspheres properties (size, concentration in syntactic foams, presence/ absence of a gaseous phase inside microspheres) have major impact over the heat-insulating characteristics of coatings (Ryzhenkov et al., 2010) . Heat-insulating materials efficiency in a heat-insulating structure as regards power pipelines and equipment is primarily dependant on their physical and mechanical properties, the main of which are as follows (Kopko, 2002) : heat conductivity coefficient, temperature limit of application, moisture absorption, density, static limits of compressive, bending and tensile strength.
The main property influencing the material use efficiency in terms of heat insulation is the lowest heat conductivity coefficient.
The most important parameter for heat-insulating structures used for power pipelines and equipment is also the limit operating temperature.
For power pipelines and equipment installed in the living area or in production shops, HMs with low heat conductivity and high heat stability are used. Usually such materials are characterized by low special density, making them more hygroscopic and water absorbent.
In a number of cases e.g. for underground heat supply pipelines apt to watering with ground waters, a HM should have low water absorption factor.
It is well-known that insulating material heat conductivity with the special density of 20% is 3 higher than that of a dry insulating material (Sokolov, 1999) . In addition, presence of water in a heat-insulating material contacting equipment promotes intensive corrosion of a majority of structural equipment materials.
Recently organic polymer coatings have been gaining wider application. Polymer heat-insulating materials are made of thermosetting and thermoplastic resins, expanding agents, hardening agents and additives that improve materials' operating characteristics. Depending on the porosity type, porous heat-insulating materials are divided into cellular, or foamed (foam plastics) and porous (porous foams). Polymers obtained as a result of the original plastic foaming look like set foam. Foam plastics cells are filled with air or gas and are not connected (closed structure), whereas porous foams cells are connected (open structure). Presence of gas-filled pores, which are known to possess the lowest heat conductivity coefficient, gives organic polymers high heat-shielding properties and makes them quite perspective for large-scale use for power equipment and pipelines protection, e.g. heat networks. But polymer coatings have one peculiarity, greatly limiting efficiency of their use in heat supply systems: the higher the heat-shielding coefficient is, the lower the heat stability is.
Depending on the density, the heat conductivity of a heat-insulating material (and its functionality) changes a lot. Thus heat-insulating materials are materials with the density of less than 500 kg/m 3 , constructive heat-insulating materials have the density of 500-1000 kg/m 3 , and constructive materials' density is 1000-1200 kg/m 3 .
The key physical and chemical properties of heat-insulating materials traditionally used for power equipment and pipeline insulation are given in Table 2 (Kochergin, 2008; Mikulskiy and Kozlova 2004) . To analyse all modern materials within the scope of this article is very hard because of their abundance and diversity. Vol. 9, No. 4; 2015 relatively low heat resistance. 
Syntactic Foams
Syntactic foams are a type of gas-filled composite polymer materials (PCM), where the filling agents are hollow spherical particles evenly distributed in the binding agent. Cells in such foams are formed not as a result of polymer foaming, but due to introduction of hollow microspheres (Volkov and Zuev 2008) . Microsphere presence makes the material a close-grained one.
Microspheres introduction into a composite material (CM) results in reduction of material density, compaction and heat conductivity. It has been proven that microspheres concentration and size as well as gaseous phase composition pose determining influence over the thermophysical properties of syntactic foams (Li et al., 2011; Loginova, 2010; Liao 2011) . Binding agents in syntactic foams ensure mechanical strength and heat stability of a heat-insulating coating and additional anticorrosion activity when used on a base metal surface (Loginova, 2010) .
Microspheres
For syntactic foams, aluminosilicate, glass and polymer microspheres are usually used.
Aluminosilicate microspheres, which are also called ash and ceramic ones, result from grained coal particles combustion. Admixtures of aluminium oxide, silicon and other elements present in natural coal form complex silicates under high temperatures. Presence of molten silicate gases leads to fusion microdroplets inflation into small hollow spherical particles -ash microspheres (Purkhalo et al., 2009) . They look like hollow aluminosilicate balls, their average size being 10-500 µm, with the following chemical elements present in their membrane: SiO 2 -55-65%; Al 2 O 3 -25-33%; Fe 2 O 3 -1-6%; CaO -0.2-0.6%; MgO -1-2%; K 2 O -0.2-4%; Na 2 O -0.3-2%; TiO 2 -0.5-1%. The main components of the microsphere phase-mineral composition are aluminosilicate glass phase, mullite, quartz. Some alloys may include red iron ore, feldspar, black iron ore, hydromica, and calcium lime (Cherepanov & Kardysh, 2009 ).
weight of 2-2.2 g/cm 3 . The thin-walled microsphere disadvantage is its brittleness and low strength. The thick-walled microsphere membrane thickness is 10% of its diameter making it stronger. Besides thick walls ensure erosion resistance and impenetrability by liquids and gases, but at the same time thick walls reduce the gas phase volume inside a microsphere thus reducing efficiency of their use in heat-insulating materials (Purkhalo et al., 2009 ).
The gaseous phase inside ash microsphere consists of carbon dioxide (CO 2 ) -70% and nitrogen (N 2 ) -30%.
It has been proven that use of syntactic foams with aluminosilicate microspheres is not efficient in high-temperature objects insulation (Loginova, 2010) .
Glass microspheres may be both solid and hollow.
Solid balls are obtained either by broken glass baking with follow-up spherical product collection and cooling, or by melting of a glass portion with follow-up free-falling fusion flow breaking, resulting in small droplets (Katz & Milewski, 1978) .
Hollow glass balls are obtained by heating of broken glass containing a foamed agent. During condensation the interfacial tension results in spherical shape of particles. The gas originating under the foamed agent influence expands and forms hollow spheres (Kantos, 2010) .
At the Russian glass microspheres market, the most common are microspheres made of sodium-borosilicate glass with the following composition: SiO 2 -71.7-73.8%; Na 2 O -25.5-28.2%; B 2 O -3.8-4.4%; Al 2 O 3 + Fe 2 O 3 -max. 0.4% (TOR 6-48-91-92).
Such microspheres are obtained under the method based on passing of dry sodium-borosilicate glass solution through flame. The method is as follows: potassium silicate, sodium silicate or their mix are pre-dissolved in water using a steam chamber. The resulting solution is mixed with the mix of boric acid and urea and is fed into the spray drier, where frits are obtained under the flush movement of the sprayed material in the igniting heating medium stream. Ready frits are transported into vertical pipe furnaces, where hollow microspheres are formed in an ascending gas stream. Depending on the glass designation (heat resistant, heat stable, radiation resistant, optic, etc.), other compositions are used for frit production (Ryzhenkov et al., 2012) .
The gaseous medium inside hollow glass microspheres contains carbon dioxide (CO 2 ), 322ulphur dioxide (SO 2 ), oxygen (О 2 ) and other gases depending in the chemical composition of glass.
In addition, de-aerated microspheres may be obtained by placing an ultrasound vibrator into the vacuum chamber, and the glass fusion unit is installed above it. In vacuum, a molten glass drop is spayed on the vibrator under the normal pressure. The vibrator divides the drop into a number of smaller droplets which, once in vacuum, become spherical and cool down at the temperature below the melting point. It results in practically ideal spheres with the internal pressure meeting the vacuum chamber pressure. The resulting microsphere size may be regulated with the ultrasound vibrator frequency (Tychenkov, 2010) .
The specific weight of solid microspheres is at least 2.4 g/cm 3 , their size is 15-850 µm. The specific weight of hollow microspheres is 0.05-0.4 g/cm 3 , their size is 15-500 µm.
In order to obtain hollow glass microspheres with porous walls, glass powder with 20-40 µm particles is placed into the furnace where the glass softens at high temperature, and particles become spherical. Glass contains a foaming agent which decomposes at a certain temperature and forms bubbles. Then the glass is hardened in a water stream resulting in glass microspheres formation. Sphere walls are stained with chlorhydric acid to make them porous (Technical presentation of Expancel microspheres, 2011). Open porosity leads to these microspheres being filled with air.
There are also polymer microspheres. One sub-class of polymer microspheres is thermoplastic polymer microspheres. Their distinctive feature is a thermoplastic polymer membrane which allows a polymer microsphere changing its volume once the temperature changes: when heated, the gaseous medium volume grows, the polymer membrane becomes softer, and microspheres volume increases greatly. Propellant-encapsulating polymer membrane is a polymer based on ethylene hydrocarbons. The propellant is a hydrocarbon or a mix of hydrocarbons where the boiling point does not exceed the softening temperature of the thermoplastic polymer membrane. When heated, the propellant evaporates, and the internal pressure grows once the membrane softens resulting in considerable microspheres expansion. Thus, the gaseous medium inside microspheres is a hydrocarbon, and the gas inside microspheres determined the inside pressure at a given temperature (Technical presentation of Expancel microspheres, 2012; Nordin et al., 2011) .
Polymer membrane microspheres may be both unexpanded (expandable) and expanded (pre-expanded).
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Modern Applied Science Vol. 9, No. 4; 2015 Expandable microspheres may be obtained by monomer polymerization with ethylene subtility where propellant is present. Their diameter is 1-500 µm. Expanded microspheres are easy to compress, and once the pressure reduces, their initial volume recovers. They also have low gas permeability.
In order to obtain pre-expanded microspheres, they are heated to the temperature, above which expansion begins. The upper temperature limit is the moment when microspheres start to disintegrate and it depends on a certain composition of the polymer membrane and propellant (Nordin et al., 2011) .
Pre-expanded microspheres are used in processes, where no heat is emitted or heat emitted is not enough to ensure microspheres expansion (Technical presentation of Expancel microspheres, 2012).
There are a lot of other polymer microspheres e.g. polystyrene, silicone, phenol-formaldehyde microspheres, etc. The methods for their obtaining are various: radical polymerization, thermal processing of sprayed solutions or emulsions with the use of various polymerization processes and dispersion, by gradual growth of microspheres obtained at the initial synthesis stage, etc. Polymer microspheres may be used instead of glass microspheres in order to reduce the material density.
Polymer microspheres disadvantages include low thermal stability (max. 90 о С) and low durability which considerably limit the possibility of their use as a filling agent in heat-insulating coatings for protection of pipelines, power equipment and other industrial process equipment operated at high temperatures.
The key microspheres characteristics are given in Table 3 . SiO2 -55-65%; Al2O3 -25-33%; Fe2O3 -1-6%; CaO -0.2-0.6%; MgO -1-2%; K2O -0.2-4%; Na2O -0.3-2%; TiO2 -0.5-1% (Purkhalo et al., 2009 (Kersh and Kolesnikov, 2013) : 1) microsphere surface pre-treatment with surface-active adhesive additives, 2) use of a mineral or polymer binding agent. Literary sources also describe joint approaches to HM creation (Varlamova et al., 2011; Varlamova, 2013; Ryutkyanen et al., 2012) . In (Varlamova et al., 2011) aluminosilicate microspheres were pre-treated with copolymers of (met)acroleic acid derivatives in order to ensure the filling material affinity with the polymer matrix. Such microspheres surface modification results in increase in strength characteristics of the resulting heat-insulating material. It is worth mentioning that microspheres surface may be coated with fire-retarding agents in order to reduce composition flammability (Donskoy and Baritko, 2006) .
The most widely discussed is HM formation on the basis of microspheres without additionally treated surface.
The amount and quality of microspheres introduced impacts the heat-insulating properties of a material, and also there are by-effects: growth in viscosity and system strength appearance or growth. The majority of filled systems studied demonstrate the critical filling level, above which there is a sharp change in phonological parameters and strength values (Varlamova et al., 2011) .
About Syntactic Foam Studies
In order to solve the issue of syntactic foam efficiency for heat supply systems and power equipment, Moscow Power Engineering Institute conducted a number of researches to identify the impact of various microspheres over thermophysical properties.
The analysis of the patent base showed that in the majority of cases syntactic foams are based on aluminosilicate, gas-or carbon dioxide-filled microspheres obtained from ashes, and microspheres obtained under industrial methods from glass fusion with rarefied air inside.
In this view, these microspheres were used for syntactic foams researches. The researches were focused on the temperature distribution on the syntactic foam film surface of a cylindrical sample. The set temperatures within the range of +50 0 С -+120 0 С on the initial sample surface were maintained with a heater; the temperatures were regulated by an electronic controller. The mentioned temperature range is typical of heat supply systems.
Then, the calculation connection (1) for a cylindrical wall obtained from Fourier heat conductivity equation was used to determine the heat conductivity (Tsvetkov and Grigoriev, 2001 ):
where r 1 , r 2 are radii at the outer surface of an initial cylindrical sample and at the outer surface of a syntactic foam surface, respectively, m;
is the heat stream density, W/m 2 ; T 1 , T 2 are the temperature at the outer surface of an initial cylindrical sample and at the outer surface of a syntactic foam surface, K.
In particular, the heat conductivity coefficient of a one-layer syntactic foam coating was 0.022 W/m·K at 60 0 С and 0.030 W/m·K at 100 0 С for microsphere coating with rarefied air, and 0.14 W/m·K and 0.18 W/m·K for www.ccsenet.org/mas Modern Applied Science Vol. 9, No. 4; 2015 coatings with gas-filled microspheres under the similar conditions. The results shown in Figure1 demonstrate that the heat conductivity coefficient of syntactic foams when gas-filled microspheres are used, as compared to rarefied air-filled microspheres, is much higher. Figure 1 . Temperature impact over the heat conductivity coefficient of syntactic foams when de-aerated and gas-filled microspheres are used
Discussion
Use of microspheres in syntactic foams influences their heat-insulating properties, ensures material density and heat conductivity reduction. Use of thick-wall microspheres in syntactic foams ensures their high erosion resistance and impenetrability by liquids and gases, but at the same time thick walls reduce the gas phase volume inside a microsphere thus reducing efficiency of their use in heat-insulating materials. In a number of cases, where syntactic foams are designed for the operating temperatures below 90 0 С, it is advisable to replace glass and aluminosilicate microsphere with polymer ones in order to reduce material density. High-efficiency heat-insulating materials creation and production as regards heat supply systems is possible only with the use of microspheres with rarefied air inside.
Conclusion
Low thermal stability (max. 90 о С) of the polymer microspheres is limiting their use as a filling agent in heat-insulating coatings for protection of pipelines, power equipment and other industrial process equipment operated at high temperatures. The heat conductivity coefficient of a one-layer syntactic foam coating on the basis of hollow glass microspheres with rarefied air inside is an order of magnitude more than for coatings with gas-filled microspheres under the similar conditions.
The results demonstrated the efficiency of syntactic foams on the basis of hollow glass microspheres with rarefied air inside, both to reduce heat losses from pipe surface and to protect personnel from burns from heat surface contacting. All these facts make syntactic foams very perspective, but requires additional researches.
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